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EXECUTIVE SUMMARY
This analysis assumes that there i s a hypothetical large leak a t the bottom of Tank 241-C-106'which i n i t i a t e s the dryout of the tank. The time required for a t a n k t o dryout a f t e r a leak is of interest for safety reasons. dries outs, i t s temperature is expected t o increase which could affect the structural integrity o f the concrete tank dome. Hence, i t is of interest t o know how fast and how high the temperature-in a leaky tank increases, so t h a t mitigation procedures can be planned and implemented i n a timely manner.
This analysis focused on tank 241-C-106, which is known t o be high thermal tank. The objective of the study was t o determine how long i t would take for t a n k 241-C-106 t o reach 350 degrees Fahrenheit (about 177 degrees Centigrade) a f t e r a postulated large leak develops a t the bottom center of the tank. The temperature of 350 degrees Fahrenheit i s the minimum temperature t h a t can cause structural damage t o concrete (ACI 1992) . The postulated leak a t the bottom o f the tank and the resulting dryout of the sludge i n the tank make this analysis different from previous thermal analyses of the C-106 tank (Bander 1993 ) and other tanks, especially the double-shell tanks which are mostly 1 iquid (Sathyanarayana e t a1 . 1993) . This analysis i s preliminary in the sense that actual data values (both hydraulic and thermal properties) f o r tank C-106 were not.available. range of data values were used in t h i s analysis. (backfill soil properties for sludge), i t would take more than f i v e months a f t e r the t a n k s t a r t s leaking before the maximum tank temperature. reaches 350 degrees Fahrenheit. Most 1 i kely (the expected-case scenario) , the maximum tank temperature reaches 350 degrees Fahrenheit a f t e r more than one year i f a massive leak a t the bottom center of tank were t o occur.
As a tank
Hence, a In the worst-case scenario One of the main recommendations for future analyses i s t h a t real data should be obtained from tank 241-C-106 o r from a very similar tank.
i i i 
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INTRODUCTION
This analysis assumes t h a t there i s a hypothetical large leak a t the bottom of Tank 241-C-106 which i n i t i a t e s the dryout of the tank. a tank t o dryout a f t e r a leak i s of interest for safety reasons. As a tank dries outs, i t s temperature is expected t o increase which could affect the structural integrity of the concrete t a n k dome. know how fast the temperature i n a leaky tank increases, so t h a t mitigation procedures can be planned and implemented i n a timely manner.
T h i s analysis focused on tank 241-C-106, which is known t o be high thermal tank. The objective of the study was t o determine how long i t would take for t a n k '241-C-106 t o reach 350 degrees Fahrenheit (about 177 degrees Centigrade) a f t e r a postulated large leak develops a t the -bottom center of the tank. The temperature of 350 degrees Fahrenheit i s the minimum temperature t h a t can cause structural damage t o concrete (ACI 1992) . The postulated leak a t the bottom of the tank and the resulting dryout of the sludge i n the tank make t h i s analysis different from previous thermal analyses of the C-106 tank (Bander 1993 ) and other tanks, especially the double-shell tanks which are mostly liquid (Sathyanarayana e t a l . 1993).
The time required for
Hence, i t is o f interest t o
The conceptual model for the tank dryout analysis is given i n Section 2.0, and the mathematical/numerical model i s briefly described in Section 3.0. The hydraulic and thermal data used i n the analysis is presented i n Section 4.0.
All of the data have SI (MKS) units because these are the only units t h a t the computer code would use, and SI units are now the standard a t the Han'ford s i t e . The results from five bounding cases are reported in Section 5.0, w i t h the summary and recommendations given i n Section 6.0.
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CONCEPTUAL MODEL
The scenario used i n this analysis is t h a t a large hole (1-m i n diameter) is postulated t o open i n the bottom center of the tank. T h i s large hole i s unrealistic, but i t does provide a conservatively rapid loss of drainable l i q u i d . Some of the f l u i d , which i s assumed t o be water, i n the tank sludge then drains out of the large hole. into the soil below the hole. The ventilation system f o r the tank i s assumed t o be turned off when the leak s t a r t s .
The waste i n the single-shell tanks a t the Hanford S i t e can vary from a sludge t o a s a l t cake.
paste. In this analysis of dryout of the tank, the sludge i s represented by a porous medium. As f l u i d drains out from the tank, the sludge will clearly behave as a porous medium as the r a t i o o f f l u i d volume t o t o t a l volume becomes f a i r l y low (1 ess than 0.1). characteristic o f holding o n t o some f l u i d due t o capillary forces, and, hence, they do n o t l e t a l l of the f l u i d drain. The a b i l i t y o f a porous media t o hold i t s f l u i d i s a very important property which can vary greatly from one porous medium t o another. For example, concrete tends t o hold onto i t s water very t i g h t l y , whereas gravel tends t o have almost no water-retention capability. Sand and backf i 11 -soi 1 water-retenti on properti es are somewhere i n between concrete and gravel. . code assumes a full c i r c l e ) analysis, w i t h azimuthal symmetry ( i .e. , cylindrical coordinates w i t h no angle dependence), assumes two types o f porous media for the sludge i n Tank 241-C-106: 1) a backfill soil t h a t is f a i r l y permeable and represents a worst-case choice of medium, and 2) the Ringold geologic formation (a basalt layer), which is somewhat impermeable and exists i n the soil stratigraphy a t the Hanford Site.
T h i s 3D (the These two media are hydraulically well characterized (Piepho 1994) . The Ringold formation i s expected t o provide the best-estimate hydraulic properties for the true sludge, and the backfill soil, which i s very porous l i k e sand, i s expected t o provide the worst-case hydraulic properties f o r the true sludge. properties of the specific sludge i n tank 241-C-106 have not been characterized yet. -.._. sludge and between the sludge and tank i n _ .
this preliminary analysis. fumarol es -i n the-S7Kdge were considered. considered i n future analyses.
Two types of porous media were used since the hydraulic Since the a i r space above the sludge i n the tank is important f o r holding , vapor emitted from the h o t sludge, i t was included i n the model as a largeporosity (99%) gravel. The porous-media computer code t h a t was used for the analysis, needs porous-media properties for a l l spatial kegions of the model even i f the spati a1 region is an a i r . space. Gravel properties will permit high velocities t o take place and moisture retention capability is almost nonexistent; hence, the gravel hydraulic properties are closer t o pure a i r properties than those of other porous media. The large porosity of 0.99 essentially makes t h i s gravel a l l a i r anyway.
Backfill soil properties were used f o r the boundaries below and above the tank and on the side o f the tank as shown i n Figure 2 .1, except t h a t a zero hydraulic conductivity was assumed t o represent the impermeable t a n k shell, creating a no-flow situation.
Five cases w i t h different thermal conductivities and specific heats for the sludge were'simulated i n this analysis (see Section 4.0 for the d e t a i l s ) .
MATHEMATICAL/NUMERICAL MODEL
The mathematical model consists of the mass and energy-balance equations required for nonisothermal multiphase flow (Pruess 1991) . assumed f o r the hydraulic pressure of liquid water and gas. are solved numerically by the TOUGH2 (Transport Of Unsaturated Groundwater and Heat) code (Pr'euss 1991). The primary' multi-phase thermodynamic variables are gas (both a i r and vapor) pressure, gas saturation, and temperature. saturation i s the fraction of the porous-medium pore space t h a t i s f i l l e d w i t h a i r and vapor; the other fraction i s f i l l e d w i t h 1.iquid and i s called the liquid saturation.
Darcy's Law i s
These equations
The gas
The fourth equation-of-state (EOS4) module was chosen from the TOUGH2 s u i t e of modules. TOUGH2 includes various equation-of-state systems for various gasliquid systems such as water-hydrogen, water-carbon-dioxide, water-air, etc. The EOS4 module provides the equations of s t a t e for a water-air system w i t h vapor pressure-1 owering effects (Pruess 1991). The vapor pressure-1 owering effects are a result of very dry conditions. vapor pressure i s lower than what the ideal gas law would predict; hence, the vapor pressure calculation' i s modified i n EOS4, according t o Kelvin's equation, t o be lower than the ideal gas law's prediction. T h i s is known.as the, vapor pressure-1 owering effect.
For very dry conditions-, the
The TOUGH2 code is one of the few codes chosen for modeling unsaturated water flow and heat f o r the proposed DOE HLW repository s i t e a t Yucca Mountain, Nevada. As part of the Yucca Mountain Project Quality Assurance, the TOUGH code has gone through much scrutiny, review and testing (Mangold 1993 ).
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Permeabi 1 The analysis for the tank dryout was very d i f f i c u l t because of the coupled processes of unsaturated water flow and heat. When each process is modeled separately, the analysis is much simpler, b u t when the processes are coupled, the analysis gets about a hundred times harder. The hydraulic data is presented i n Section 4.1 and the thermal data i s presented i n Section 4.2. This analysis i s preliminary,in the sense that most of the data used i n this analysis was not obtained from measuring sludge, b u t rather from other sources.
HYDRAULIC DATA
The measured hydraulic data for the Grout Disposal Facility a t Hanford (Piepho 1994) was used for a l l of the porous media types used i n this analysis. However, some changes were made t o the original data. t o get closer t o the tank conditions. medium) of the gravel was increased t o 0.99 so that i t better represented an a i r space above the sludge in t h e tank. Also, the permeability of the gravel and the Ringold formation were b o t h increased by a factor of ten t o make them both more permeable t o fluid flow on order t o better approximate the a i r space and sludge, respectively. presented in Table 4 .1. The best information on sludge permeability was found in Handy's (1975) report, which estimated generic sludge t o have a permeability of about 0.01 Darcy (10 milli-Darcy).
For example, the porosity (the fraction of pore space i n the
The hydraulic data used i n t h i s analysis is
The backfill-soil properties were used for the boundary c e l l s f o r a l l cases and for the sludge f o r two cases. The heat generation r a t e s correspond t o a t o t a l heat load of 110,000 BTUs per hour (32,240 Watts). The s p a t i a l heat generation d i s t r i b u t i o n , which is WHC-EP-0831 highest in the middle'sludge layer and lowest i n the t o p sludge layer, wasdetermined by Bander (1993) .
The thermal conductivities came from Bouse (1975) as he performed real measurements on both wet and'dry sludge. The thermal conductivity of fullywet gravel (99% water) representing the tank a i r space is basically that of water,.and the thermal conductivity of dry gravel (99% air) is t h a t of a i r . However, the dry thermal conductivities were n o t used i n these analyses, b u t will be used i n future analyses. When water is present, much o f the heat i s transferred by convection (both l i q u i d and vapor); hence, the dry thermal conductivities will have t h e i r most importance when parts of the sludge become dry. The dry thermal conductivities are l i s t e d i n Table 4 .2 so t h a t the higher wet thermal conductivities can be contrasted t o them.
The temperature i n i t i a l . conditions were taken from Bander (1993) properties f o r three cases w i t h the thermal conductivity of 0.8, 1.3, and 1.7 W/m-Cy respectively. As expected, the lowest value of thermal conductivity gave the most conservative results. The backfill soil properties were used for sludge properties f o r the two other cases with the specific heat for the s o l i d being 800 J/kg-C and 1200 J/kg-Cy respectively. As expected, the smaller s p e c i f i c heat produced the more conservative results. The peak maximum temperatures, up t o 177 degrees C y over the first year are tabulated i n Table 5 .1. The maximum temperature i n the tank f o r a l l times, up t o one year, i s shown graphically for each case i n Figure 5 .1.
The Ringold formation properties were used for the sludge The worst-case scenario (Case # 4 w i t h backfill soil properties for sludge), shows t h a t i t would take more than five months a f t e r the tank s t a r t s leaking before the maximum tank temperature reaches 350 degrees Fahrenheit.
sludge is n o t expected t o be as porous or permeable as backfill soil, The sludge is expected t o be closer t o the Ringold formation which i s more impermeable t h a n backfill soil. With Ringold formation properties and conservative low thermal conductivity values, the maximum tank temperature reaches 350 degrees Fahrenheit a t one year. With higher thermal conductivities, the heat is more easily conducted o u t of the tank, and the time t o reach 350 degrees is greater than a year. .
The most important sludge properties include the following: 1) permeability, 2) porosity, 3) msisture-retention relationship, 4) thermal conductivities, 5) specific heat, and 6) heat generation rate. Dry thermal conductivities were n o t used i'n this report, as they are n o t expected t o be.rea1 important. However, since dry thermal conductivities are 'smaller than wet thermal conductivities, they will cause higher temperatures under dry conditions, and should be included i n future analyses as they do.have some importance. Under wet conditions, the dominant mode of heat transfer is convection (both f l u i d and vapor) and vaporization.
In addition t o tank-specific data, the numerical g r i d could be improved; More soil elements need t o be added around the tank s o that the heat transfer t o the soil i s more accurate. Also, a concrete l i n e r should be added between the soil and the sludge, so t h a t the impermeable barrier is modeled more explicitly. Zero hydraulic conductivity was assigned t o the soil boundary elements t o s t o p the flow of water ev.erywhere except where the leak was ' assigned, which was i n the tank center.
No cracks were assumed i n the sludge or between the sludge and the inner tank wall. In the future, the effect of cracks should be studied and, perhaps, the effects of fumaroles. Also, a i r ventilation through the a i r space i n the t a n k should be included i n future analyses as well as the effects of a n . a i r c h i l l e r and the addition of water by spraying. The size and location o f the leak also needs t o be explored i n future analyses.
The main recommended items t o be included i n future work i s sumniarized below: 
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.. , In order t o ensure that the TOUGH2 code was working properly on the computers a t Hanford, a benchmark t e s t case was needed t h a t exercised the c r i t i c a l features needed for the tank dryout problem. Fortunately, the TOUGH2 documentation included a heat-pipe problem w i t h calculated results using the same TOUGH2 EOS4 module that was used for the analysis i n this report. this appendix, the heat-pipe problem is defined and the o u t p u t r e s u l t s from the TOUGH2 documentation and from the Hanford computers are displayed for comparative purposes. The two outputs' are essentially the same, indicating t h a t the version of TOUGH2 on the Hanford computers is working correctly.
In
Heat pipes are systems i n which an efficient heat transfer takes place by means of a 1 iquid-vapor counterflow process, w i t h vaporization and condensation occurring a t the hot and cold ends, respectively. analogous t o a tank dryout process with vaporization occurring i n the h o t sludge and condensation occurring on the tank t o p and below the large drainage hol e.
The benchmark heat-pipe problem models a high-!eve1 nuclear waste emplacement in an approximate way. The problem consists of a cylindrical heater of 0.3-m radius and 4.5-m height that provides a constant o u t p u t of 3 kW i n t o a porous medium with uniform i n i t i a l conditions of 18 degrees Centigrade f o r temperature, 1 bar f o r gas pressure, and a 20% gas saturation. dimensional radial. gri'd consists of 120 active. elements extending t o a radius of 10,000 m which i s practically i n f i n i t e for the time scales o f interest here. T h i s problem i s representative of the thermal tank problem.
Most of the porous media parameters are identical t o data used i n previous modeling studies a t Yucca Mountain (Pruess e t a l . ? 1990), except t h a t the low rock permeabilities (of order 1 micro-Darcy) are increased by a factor of 10,000, t o 20 milli-Darcy i n order t o get more flow i n the medium and t o get a more interesting heat-pipe.
T h i s is
The one-
The reason f o r choosing a constant rate of heat generation i s t h a t this way the heat-pipe problem admits a semi-analytical s o l u t i o n (O'Sullivan, 1981; Doughty and Pruess, 1990) . the semi-analytical solution affords a rather comprehensive code verification, as a l l of the non-linearities of two-phase flow behavior and of f l u i d and heat flow coup1 ing are rigorously described by the semi-analytical solution.
The agreement between the Berkeley version of TOUGH2 and the semi-analytical solution i s excellent (Pruess, 1991 
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